NASA's Genesis sample return mission will be the first to return material from beyond the 
is to collect solar wind from the Sun in order to gather information about the origins of the solar system. These are to be the first samples brought back to Earth from beyond the Earth-Moon system.
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Set to launch in mid-2001, the Genesis spacecraft (shown in Figure I ) will cruise for three months to a halo orbit about the LI libration point (0.01 AU from Earth). There it will deploy collector arrays which will be exposed to solar wind for two years. At the end of that time, the collectors will be stowed in a sample return capsule (SRC), and the spacecraft will return to the Earth. Upon its arrival in 2004, the SRC will separate from the rest of the spacecraft and reenter the atmosphere, decelerating with the aid of a parachute. A helicopter will perform a mid-air recovery over the United States Air Force (USAF) Utah Test and Training Range (UTTR).
A drawing of the Genesis SRC geometry is presented in Figure 2 , and its defining parameters are given in Table 1 . Its forebody (a spherically-blunted cone with a rounded shoulder) is similar to that of the Star- For the wind tunnel cases, the flow was treated as a perfect gas. A constant wall temperature of T,, = 300 K was specified.
The numerical results presented herein were computed on SGI machines 132-bit word length Typically, 20.000 iterations were required to reach convel'gence,
Experimental Method

20-inch Mach 6 Tunnel
With its high freestream Reynolds number range (I .6 to 29.5 × 10 _'m _), the LaRC 20-Inch Mach 6 facility is well suited for looking at transitional and turbulent flows. The tunnel has a two-dimensional contoured nozzle, with the bottom and top walls being contoured and the sidewalls parallel. The two-dimensional nozzle provides very uniform flow at the test section. Tempered glass windows on the top and two sides allow for a significant amount of visual access for the phosphor systems. Models are mounted on an injection system in a housing below the test section. During a run, the models can be injected in as little as 0.5 s (out of a total tunnel run time of 4 s).
Phosphor Thermography Technique
The two-color phosphor thermography technique.
as developed at NASA I,aRC. _' was used to obtain surface heat transfer data in the wind tunnel. With this method, ceramic wind tunnel models are coated with phosphor crystals, which fluoresce (when illuminated with ultraviolet light) with an intensity thai is temperature dependent.
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During a windtunnel run,intensity images areobtained witha state-of-the-art image acquisition system. Afterwards, theresulting intensity images areconverted toquantitative temperature mappings using aweighted two-color relative-intensity fluorescence theory. Temperature datacanbeacquired evenon wind tunnel models withcomplex geometries.
Once quantitative temperature mappings have been obtained, thenextstepis toderiveheat transfer mappings. Givensurface temperature variations overtimeat a location onamodel, theheat transfer rateatthatlocation canbeinferred fromone-dimensional heat conduction equations. Global heat transfer datacanbeefficientlyobtained withinminutes of a windtunnel run. Table 2 and shown in Figure Figure 5 , along with all trajectory points at which NASA LaRC performed calculations. Freestream conditions for those points are given in Table 3 . 
Computational
Sensitivity Study
The effect of grid resolution and thin-layer NavierStokes assumption on the laminar, non-blowing, surface heating for the smooth forebody of the Genesis Sample Return Capsule (SRC) was examined. LAURA solutions were generated at the peak heating point of a nominal trajectory with grids of varying resolution in Table 3 ) were used for all computational solutions.
To simplify the calculations, a constant wall temperature of 2900 K was assumed. This value falls within the range of calculated radiative equilibrium surface temperatures.
A grid of 100 streamwise by 64 body-normal cells over the baseline SRC forebody was generated for pre- 
Effect of Normal Grid Clustering
Effect of Streamwise Grid Density
Three grids were used to estimate the effect of grid clustering in the normal direction on surface heating.
Referring to Table 4 , these are the low wall-resolution default grid with Re_H = 10 (Grid 0), a medium wallresolution grid recommended by Nettelhorst and Mitcheltree H (Grid 1) with Re,.,.H= 2, and a fine resolution grid with 128 cells in the body-normal direction and Re,., = l(Grid 2). The surface heating computed over these grids is shown in Figure 6 . Results from all three grids show similar heating levels in the stagnation region with variations at the stagnation point of 1 per cent. The primary effect of the grid clustering occurs on the conical flank and on the shoulder. Using the fine resolution grid (Grid 2) as the baseline, the medium resolution grid (Grid 1) predicts heating levels that are 9 per cent higher at the end of the cone and on the rounded shoulder. The low-resolution grid (Grid 0) does a better job by predicting heating levels that are within 4 and I per cent of the baseline levels on the cone and shoulder, respectively.
The observation that the grid with a lower resolution at the wall (Re_a_ = 10) gives heating rates closer to highest resolution (Re_,._ = I) than the grid with the medium resolution (Re_,.j_ = 2) appears to be counterintuitive.
However. for a given number of normal cells, reducing the resolution at the wall decreases the amount of grid stretching and gives a better distribution of grid points across the entire boundary layer. Based on this comparison, 64 cells in the normal direction with Re_., = 10 adequately resolves the laminar heating and will be used for the remaining solutions.
Four grids with varying numbers of streamwise cells were used to estimate the effect of streamwise grid density on surface heating. In the nose region, solutions were computed using grids with 30, 15, 10. and 6 cells (corresponding to Grids 4, 0, 5, and 3 in Table 4 . respectively). Table 4 , respectively). The peak heating rate on the shoulder predicted by the three grids agree to within 3 per cent and occurs at the end of the conical flank and beginning of the shoulder region. This comparison suggests 10 cells in the shoulder region are sufficient to resolve the area around the cone-shoulder interface where the local peak in heating occurs, and that resolution will be used for this study. 
Effect of Navier-Stokes Equation Set
Although not shown, the thin-layer Navier-Stokes solution on Grid 0 was repeated using the complete Navier-Stokes equation set. There is no discernible difterence between the two solutions, suggesting that the use of the thin-layer Navier-Stokes equations is appropriate for computations over the forebody.
that this actually models the 3-1) cavity as an axisym- The surface heating and temperature distributions for these cases, which exhibit the expected levels as the vehicle traverses the heat pulse, are shown in Figure 9 . The distribution at peak heating will serve as a reference for later calculations that include the effects of the cavity, as well as turbulence.
Axisymmetric
Solutions With Cavity
The impact of the cavity was first addressed by modifying the baseline grid to include a dimple. Note Axisymmetric calculations were perfolrned for the freestream conditions at peak heating (see Table 3 for t = 270 s). A constant wall temperature of 2900 K.
which falls within the range of radiative equilibrium surface temperatures seen in Figure 9 , was prescribed Results in Figure l0 show a spike on the downstream lip of the cavity whose magnitude is more than three times the stagnation value of 510 g'Tcm-" (see Figure 9 ).
The smooth forebody solution is included for reference. The surface with the cavity geometry is shown in gray Figure 11 shows the impact of that switch on the heating augmentation. Note that the primary change (an increase in the magnitude of the pulse relative to the 88 x 64 grid) appears to be due to taper angle of the cavity wall relative to the forebody inclination.
A grid independent solution of heating around a sharp corner is virtually unattainable, and in reality any comer will have a finite radius. Therefore, the effect of A comparison of those two solutions in Figure  11 shows that rounding the cavity corner significantly reduces the heating spike. Still, even with rounding, the strength of the spike on the downstream lip of the cavity is on the order of 2-3 times the stagnation value. The grid sensitivity is shown by coarsening the mesh around this corner by a factor of two to produce a 94 x 64 grid.
The magnitude of the resultant heat spike is 6 per cent less than that of the finer grid. [
/" of rounding and -r _ gnd refinement .
-25 Figure 11 . Effect of edge radius and grid resolution on heating in vicinity of cavity.
The next step is to add a rounded comer to the upstream lip. A new grid was generated over the updated geometry (see Table 1 
3-D Solutions With Cavity
The above axisymmetric solutions were used in the preliminm'y analysis of the candidate cavity geometries.
A limited number of solutions were computed for a true three-dimensional cavity of dimensions 1.0 × 0.3 in (w = 2.540 cm, d = 0.762 cm), with R_ = 0.33 cm and taper of z = 35 deg. In preparation for these solutions, a singularity-free grid was generated for the updated forebody shape (see Table 1 ) with a cavity staggering the symmetry plane. (The singularity-free topology has no pole boundaries and thus avoids the associated com- The right side of Figure 15 shows the heating contours for the peak heating trajectory point. Note that the hot spot for flight conditions (maximum q/qrR = 2.95) is much stronger than wind tunnel conditions (maximum q/q_R = 2.33), and it is located closer to symmetry plane. As a result of this intensity at flight conditions, the affect of the cavity is felt for a longer distance downstream than in the wind tunnel (as indicated by the contours at the top of Figure 15 ).
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Wind Tunnel Results and Repeatability
The primary objectives of the wind tunnel tests were to determine the effectiveness of a cavity as a boundary layer trip, to assess the dependence of this effectiveness on cavity geometry, to observe the region of downstream influence, and determine the level of downstream heating augmentation resulting fi'om the interaction.
A total of 29 wind tunnel runs were conducted at various Re and orientations. A sampling of the resultant phosphor thermography images is provided in Figure 16 . An assessment of experimental data integrity is presented in Figure 17 . Figure 17a provides the temporal collapse of a sample run at Re_) = 1.10 x 106, and 
Observations from Experiment
The cavities have two primary effects on the heating. First, as seen in the computational results, a large heat pulse is typically generated on the down-stream wall of the cavity. As can be seen in Figure 16b , the presence of this pulse can impact local heating downstream of the cavity. Second, if the flow is sufficiently energetic, the presence of the cavity can serve to trip the flow to turbulence (see Figures 16a and 16c) . In Figure  19 , each subfigure shows the heating variation with respect to Re for a given cavity. A subfigure for the smallest cavity is not included since its influence appears to be benign. Note that the subfigures for the nominal and 2-in cavities contain data from both radial locations. It is clear from these figures that a larger cavity produces the strongest heat pulse. For both the nominal and 2-in cavities, the location nearest the stagnation point experiences a stronger heat pulse than 
Turbulent Heating Calculations
The turbulent values were calculated using a 
Baldwin
Integrated Heat Load
Carbon-carbon is the forebody heat shield material for Genesis. The selection of heat shield material is driven by the estimated peak heating rate for the trajectory. Typically, this peak level occurs at the stagnation point when the freestream value of pV 3 is at its maximum for the trajectory. The heating rate at the stagnation point is presented in Figure 25 and Table 5 as a function of time along the nominal trajectory. Also presented are laminar and turbulent values at the cavity location. Due to the presence of the penetrations, the maximum heating rate for Genesis is located downstream of the cavities. The heating rates are two to three times as large as the peak stagnation value but still within the capabilities of carbon-carbon. If a cavity is small enough, no discernable heat pulse or turbulent transitioning is produced. Thus, from the standpoint of heating environment, multiple smaller penetrations are more desirable than fewer large holes.
The anticipated heating rates for the Genesis SRC fall within the capabilities of the carbon-carbon heat shield material. Based on the size and location of the forebody cavities, the traditional approach of sizing the heat shield to the expected stagnation point heat load should be adequate for the expected heating environmerit aft of the cavities.
